Abstract-Laser diode based visible light communication link with data rate of 2.2 Gbps over a 12-meter underwater channel is reported using non-return-to-zero on-off keying modulation scheme. The underwater optical wireless communication link beyond 10-meter can be achieved using visible lasers.
I. INTRODUCTION
GaN-based laser diodes (LDs) and superluminescent diodes (SLDs) have exhibited a number of advantages over lightemitting diodes (LEDs) in the blue-green-red color regime for high transmission speed, large bandwidth indoor and outdoor optical wireless communications applications [1] [2] [3] [4] [5] . LD based integrated photonic systems have recently demonstrated for such applications [6] [7] [8] . Using the on-off-keying (OOK) modulation scheme, a LD based free-space visible light communication (VLC) link has been developed with a high data rates of > 2 Gbps, serving the functionalities of lighting and data communication [1] . Moreover, the LD based underwater wireless optical communication (UWOC) system has recently been proposed to meet the large data rate demands in underwater video streaming, sea floor monitoring, and offshore oil exploration applications [9, 10] . However, the channel length for the demonstrated LD based UWOC link is relatively short (few meters) so far [10] [11] [12] . Achieving a UWOC channel of >10m will significantly enhance flexibility and pervasiveness in outdoor and field applications. In this paper, we report on the implementation of a high-speed LD based VLC link offering a data rate up to 2.2 Gbps over a 12-meter-long UWOC channel using the least complex and the most cost-effective OOK modulation technique. We demonstrate that the corresponding bit-error rates (BER) surpassed the forward error correction (FEC) limit of 3.8×10 -3 using a low-cost Si photodetector (PD) as the receiver.
II. EXPERIMENTAL DETAILS
A TO-can packaged single-mode InGaN/GaN quantum well based blue emitting LD was used as the transmitter in this study. Figure 1 presents the optical power -current -voltage (L-I-V) relations of the LD at room temperature. A threshold current of 25 mA and an optical power of 58 mW at 80 mA injection current have been measured. The emission spectra of the LD were measured using Ocean Optics HR 4000 high-resolution spectrometer (inset of Fig. 1) , showing a peak emission wavelength of ~ 450 nm. Figure 2 presents the schematic of the experimental setup for laser based UWOC set-up using the non-return-to-zero, on-offkeying (NRZ-OOK) modulation scheme. The LD is driven using a Keithley 2400 source meter as the direct current (DC) source. The pattern generator in the Agilent N4903B J-BERT is used to generate the pseudorandom binary sequence (PRBS) 2 10 -1 pattern, and the data stream is amplified by the 28-dB driver amplifier before connecting to the TEK PSPL 5580 broadband bias-tee. A plano-convex lens is used at the receiver end to focus the optical signal into the Menlo Systems APD210 Si avalanche PD. An Agilent 86100C digital communications analyzer (DCA) was used to collect the eye diagram and the error performance is obtained using the J-BERT.
III. RESULTS AND DISCUSSIONS
A throughput optimization of the operation point was performed before the experiment by adjusting the injection current and the modulation signal amplitude to bias the LD. For the NRZ-OOK modulation of the LD, changes of BER at different operating currents [ Fig. 3(a) ] and at a different peakto-peak voltage from the pattern generator [ Fig. 3(b) ] were measured at a data rate of 2 Gbps. Under low driving voltage, the relatively low signal-to-noise ratio may lead to a high BER. However, if the driving voltage is too high, the signal may also be affected by the transient heating. The minimum BER is found at the driving current of 70 mA and encoding amplitude of 95 mV, where the LD shows the optimized performance. Figure 4(a) shows the implementation of the LD-based VLC system for a 12-meter water channel. Two mirrors were placed on each side of the 1.5-meter long water tank to reflect the laser beam to achieve 12-meter long beam transmission path. The water tank was filled with tap water. The measured BER performance as a function of the received optical power at the date rates of 1.5 Gbps, 2 Gbps, and 2.2 Gbps is shown in Fig.  4(b) . A data rate of 2.2 Gbps has been achieved at a received optical power of -14 dBm. A minimum received optical power of ~ -19 dBm and -16 dBm is required to achieve a below-FEClimit BER for 1.5 Gbps and 2 Gbps, respectively. The corresponding eye diagrams are shown in Fig. 4(c) and Fig. 4(d) . To investigate the further extending of the transmission distance, we calculated the received optical power through the underwater channel according to the Beer-Lambert law: is expected. As a result, the received optical power after a 40-meter transmission channel is estimated to be ~ -19 dBm. According to the measured BER in Fig. 4(b) , the presented LD-based UWOC system is expected to achieve 1.5 Gbps over a 40-meter UWOC link.
IV. CONCLUSIONS
In summary, we have experimentally demonstrated LDbased UWOC link beyond 10-meter transmission distance, which can be further extended to 40-meter. The long range UWOC links are practical for eventual field deployment.
